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Drakelow ‘A’ Power Station of the 
Central Electricity Authority 
East Midlands Division 


MAJOR CONTRIBUTION to Britain’s electrical full load. It is also noteworthy that the plant is 
Ase was made during the month of arranged as a unit system, i.e. each boiler and 

December, 1955, by the commissioning of turbo-alternator set is coupled as an independent 
the fourth 60 MW turbo-alternator 


plant in the Drakelow ‘A’ power me 
station of the Central Electricity 
Authority. 


The project of building a new 
power station at Drakelow, 
situated three miles south of 
Burton-on-Trent, was first con- 
ceived by the City of Birmingham 
Electricity Department. The site 
has a strategic significance with 
ample supplies of cooling water, 
ready availability of coal and 
excellent rail connections. Con- 
tinuing and completing the work " 
of the original planners, the 
Central Electricity Authority 
arranged for the initial site clear- 
ance and the first section of the 
new station was begun in May 
1950. No. 1 set was commissioned 
in December 1954, and by Decem- 
ber 1955 all four sets were in 
operation. 


Drakelow station is of special 
importance as it is the first 
complete power station in Great 
Britain to operate at the high 
initial steam conditions of 1,500 
Ib/sq in 1,050°F. The final feed 
temperature is 430°F at M.C.R., 
with six stages of heating, and 
the corresponding vacuum at the 
exhaust flange is 28.75 in Hg at Fig. 1.—The turbine room 
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unit. According to figures made available by the 
Central Electricity Authority, during the early days 
of its operation this station generated the cheapest 
power in England. 


The English Electric Company supplied the four 
turbo-alternator sets, generator transformers, unit 
and auxiliary transformers and the motor drives 
for a number of pumps. There are also two 
120 MVA * English Electric * transformers installed 
on a site adjacent to the power station, for inter- 
connecting the 132 and 275 kV grid systems. 


STEAM TURBINES 


The turbine, as will be seen from the section in 
Fig. 2, is of three-cylinder construction comprising 
a H.P. and an I.P. turbine followed by a double 
flow L.P. turbine which exhausts to twin conden- 
sers. It drives, at 3,000 r.p.m., a 60 MW hydrogen 
cooled alternator (Fig. 3). 


Steam is supplied to the turbine through two 
main steam pipes which connect direct from the 
boiler to two forged alloy steel chests disposed 
symmetrically about the H.P. end of the turbine. 
Each chest contains a combined stop and emergency 
valve together with a governing valve, the latter 
being arranged to operate in parallel. Each chest 
is connected to the nozzle boxes (Fig. 4), which 
are fabricated into the high pressure casing, by two 
pipes, one to the top of the casing and one to the 
bottom. This symmetrical arrangement of piping, 
combined with adequate flexibility, ensures that 
pipe thrusts are practically balanced, thereby 
minimising the effect of thrust loads from this 
source which may be transmitted to the steam 
chests and casing. 


As the material for the main steam piping from 
the boiler is austenitic steel, the same material was 
used for the H.P. interconnecting pipes already 
mentioned ; hence to connect these pipes to the 


Fig. 3.—One of the four turbo-alternator sets, with combined stop and emergency valves in the foreground 
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Fig. 4.—Top half of H.P. cylinder with nozzle boxes, H.P. 
steam end gland and diaphragms in position 


ferritic steel steam chests and H.P. casing it was 
necessary to provide * Kelcaloy’ transition pieces 
in order to accommodate the differential expansion 
co-efficient of the two materials. To reduce the 
effect of stress variation due to thermal change, 
each transition piece is equipped with a thermo- 
statically controlled electric heater which maintains 
the joint temperature within predetermined limits. 


As it is intended that at least during the early 
part of their life these units are to act as base load 
machines, the most economical load coincides with 
the maximum continuous load, and_ throttle 
governing only is provided. This has the advantage 
of simplifying the high pressure cylinder casting, 
and also of reducing diaphragm stresses throughout 
the machine. 


The first stage of the H.P. turbine is of the Curtis 
type to which steam is admitted through the four 
separate nozzle boxes previously mentioned (Fig. 
4), these being equally spaced round the H.P. 
casing. Hence the use of creep-resisting ferritic 
alloys for the high inlet steam temperature is 
confined to the steam chests and nozzle boxes, and 
the temperature is sufficiently reduced through this 
stage to allow the use of proved alloy steels for the 
H.P. rotor and casing. 


The remainder of the H.P. and the whole of the 
I.P. turbine are of the impulse type, with rotors 
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machined out of solid forgings, the H.P. 
rotor being of molybdenum-vanadium steel 
and the I.P. and L.P. rotors of carbon steel, 
the L.P. rotor having nickel steel discs 
shrunk on. The first stage H.P. nozzle 
plate is in four quadrants and is machined 
from the solid in high tensile stainless iron, 

The diaphragms in the H.P. and early 
stages of the I.P. cylinder are of 
molybdenum steel, the remainder of the 
I.P. diaphragms and the impulse stage of 
the L.P. cylinder being of carbon steel. 
The L.P. turbine is provided with reaction 
blading except for the inlet stage, where 
an impulse stage enables a considerable 
heat drop to be utilised with a minimum 
of leakage loss. 


The couplings throughout are of the 
flexible type, and as each cylinder is 
provided with its own thrust block, 
differential expansions are confined to each indi- 
vidual cylinder. In this connection it should be 
noted that the H.P. and I.P. turbine thrust 
blocks can be moved by a slight amount in an 
axial direction while the turbine is in operation, 
so that the effects of differential expansions during 
starting and loading periods can be controlled. 
With the same object in view, the flanges of the 
H.P. cylinder are provided with adjustable steam 
heating for use when starting. 


Blading and Glands 


The moving blading is of high tensile stainless 
iron in the H.P. cylinder, and stainless iron in the 
I.P. and L.P. cylinders with the exception of the last 
two rows in the L.P. rotor which, due to the higher 
operating stresses, are of high tensile manganese 
nickel steel, chromium plated. 


All the moving blading is machined out of solid 
bar material and has integral roots. The blade 
fixings are of various types suited to the stresses 
imposed in service, but mention may be made of 
the fixings of the long blades of the last two rows 
of the L.P. turbine. These are of the * side-entry ” 
type in which each root is held in a separate groove 
in the disc head, the grooves being cut across the 
head in an approximately axial direction. The 
advantage of this is that bending stresses are 
virtually eliminated both in the blade root and in 
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the disc head, so that the total resultant stress at 
this vital point is much reduced. 


The glands throughout the machine are of the 
labyrinth type, steam packed, and the gland 
system is so arranged that when the machine is on 
load the leakage steam from the high pressure 
glands is led to lower pressure stages of the turbine 
where it performs useful work. The glands of the 
L.P. turbine are sealed when the machine is on 
load by steam taken from the I.P. cylinder at a 
moderate temperature. During starting and stop- 
ping periods the glands are sealed with live steam 
conditioned by a pressure-reducing and desuper- 
heating station. In addition, arrangements are 
made to supply high temperature steam to the 
H.P. steam end gland, if required by operating 
conditions. 


Governing 


A hydraulic system of governing and load 
regulation is employed, a small high-speed centri- 
fugal device actuating relays which vary the oil 
pressure in the main servo-motors of the steam 
control valves. 


The arrangement is shown diagrammatically in 
Fig. 5. It will be seen that a movement of the 
centrifugal device occasioned by a change of speed 
causes a corresponding movement in the oil 
governing valve D which opens or closes the oil 
leak-off ports G in the bellows sleeve F, thereby 
varying the oil pressure in the primary and second- 
ary oil relays B and C. The oil is supplied under 
pressure to these relays through an oil regulating 
valve J. 


The variation in oil pressure in the secondary 
relays C is reflected in a movement of their bellows 
working in conjunction with springs K, thus 
opening or closing the steam throttle valves N 
through the medium of the oil distribution valves L 
and relay pistons M. 


Speed changes or, when synchronised with other 
plant, load adjustments are effected by screwing 
the spindle of the oil governing valve D through a 
nut S on the end of the lever O. This can be done 
either by hand by means of the handwheel Q, or 
by remote control by means of the motor R. 


The emergency governor gear can be actuated by 
two mechanical overspeed governors of the 


unbalanced ring type, by an electrical overspeed 
governor, by hand trip at the turbine, by the low 
vacuum trip or by electrical trip operated from the 
control room. In each case both the combined 
stop and emergency valves and the governing 
valves are closed. 


Governor Anticipatory Gear 


With the present elevated steam pressure and 
temperature conditions, high overspeed values can 
be reached if full load is instantaneously rejected. 
The overspeed occurs due to steam admission to 
the turbine whilst the throttle valves are being 
closed, and thereafter due to the expansion to 
condenser pressure of the steam entrained within 
the turbine cylinders. 


To contain the overspeed rise within reasonable 
limits, a secondary governor or ‘ governor antici- 
pator’ is incorporated in the governing system. 
This device is responsive to load, through a 
wattmeter relay, and to steam pressure, through a 
steam pressure relay, and is so arranged that under 
conditions of low load (below 10°, M.C.R.) and 
of high steam pressure in the cylinders (above that 
corresponding to 50°, M.C.R.) the device operates 
to close the throttle valves in advance of the 
normal speed rise of the centrifugal device. If the 
electrical fault is cleared within a few seconds and 
the original load is re-imposed on the machine, the 
secondary governor will re-set consequent upon 
the opening of a voltage relay—when the busbar 
voltage is restored to 90°, of the normal value— 
and the throttle valves will re-open to the original 
load position. 


Vacuum Unloading and Trip Gear 


The condenser is automatically protected against 
excessive temperature and internal pressure if loss 
of vacuum should occur. A vacuum load-limiting 
device is provided which gradually unloads the 
machine by direct action on the governor gear, 
commencing to unload when the vacuum has fallen 
to 23 in Hg and continuing until, at 17 in Hg, all 
load has been removed. 


A low vacuum trip is provided which, in the event 
of continued fall in vacuum to 15 in Hg, will trip 
the main stop valves and circuit-breaker, thereby 
shutting down the set. 
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Mechanical speed governor 

Primary oil relays 

Secondary oil relays 

Oil governing valve 

Speed governor sleeve 

Primary relay bellows sleeve 

Oil leak off ports in F 

Primary relay spring 

Oil regulating valve 

Secondary relay springs 

Secondary relay oil distribution valves 
Secondary oil relay pistons 

Steam throttle valves 

Floating lever connecting P,D & R 

Oil control piston for vacuum load limiting device 
Speed adjusting gear handwheel 

Speed adjusting gear motor 

Speed adjusting gear nut attached to O 
Adjustable link connecting speed governor to O 
Adjusting screw to adjust load on springs H 
Adjusting screw to adjust load on springs K 
Stop valve 

Emergency oil trip cylinder 

Oil trip valve 

Throttle valve lever 

Spring assembly 

Oil emergency valve 

Hand trip lever (on pedestal) 
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— Diagrammatic arrangement of the hydraulic governor gear 
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Fig. 6.— Diagram of the oil system 
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In the remote contingency of these two safety 
devices failing to operate, further protection is 
afforded to the condenser by the provision of 
explosion doors, one on the top of each exhaust 
hood. Each consists of a sheet lead diaphragm 
supported on the vacuum side by a plate resting on 
a grid, and clamped round its edge between the 
explosion door guard and the grid. During normal 
operation the support plate and grid take the 
atmospheric load, but should the load be reversed 
by excessive pressure developing in the exhaust 
space, then the support plate will rupture the lead 
diaphragm round its edge, thus opening the 
exhaust space to atmosphere. The diaphragm 
centre and support plate, after sufficient movement 
upwards, are retained within the guard by cross 
pieces, and the escaping steam is directed upwards 
by the guard. 


Lubrication 
The lubrication system is shown diagrammatically 
in Fig. 6. It will be seen that the system comprises 
an oil tank, a main oil pump housed in the I.P. 
pedestal and driven from the I.P. turbine shaft 
through helical gearing, and three motor-driven 
gear type auxiliary oil pumps (Fig. 7). The first 
of these is a full duty A.C. 
motor-driven pump for use when 
starting up and shutting down, 
and in emergencies. It is auto- 
matically controlled to come into 
action when the oil pressure in the 
main relay system falls below a 
predetermined value. 

The second auxiliary pump is 
driven by a D.C. motor from the 
station battery. This pump 
supplies oil for lubrication pur- 
poses only and is automatically 
brought into action when the 
pressure of the oil to the bearing 
supply main falls below a certain 
value. 

Alarm signals are given when 
each of these two pumps is 
brought into service automatically. 

The third auxiliary pump is 
mainly for use during periods 
when the electrical turning gear is 
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Fig. 7.—The auxiliary lubricating oil pumps at basement level 


in Operation, and supplies oil for lubrication 
purposes only. It is A.C. motor driven and hand 
controlled. 

All the auxiliary oil pumps are driven by 
‘English Electric’ motors. The oil system also 
includes an oil jacking pump and three oil coolers. 

Oil is drawn from the tank and delivered through 
a non-return valve to the distribution box. This is 
fitted with a relief valve through which surplus 
oil is returned to the tank. Pressure oil is supplied 
to the governor relays and servo-motors direct 
from the distribution box. 

Oil for lubricating purposes passes through a 
pressure reducing valve to the coolers and thence 
to the bearings at a pressure of about 15 Ib/sq in. 
Oil drains from the bearings through sight boxes 
to the bus return pipe which conveys it back to the 
oil tank through strainers. 

The alternator is hydrogen cooled, and to avoid 
possible accumulation of hydrogen pockets in the 
pedestals and governor control system, a vapour 
extractor is fitted on the main oil tank. The oil 
vapour is discharged by the extractor to atmosphere 
through a pipe extending above the roof of the 
power station. The extractor is fitted with a by-pass 
arrangement for use under emergency conditions. 
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Fig. 8.—Turbine supervisory control gear and panel for No. | set 


Electrical Turning Gear 

Electrically driven turning gear is provided in 
order to reduce to a minimum any risk of the 
turbine rotors distorting and taking a permanent 
set due to uneven cooling after the turbine has been 
shut down. The gear is put into operation by hand 
but is disengaged automatically when the turbine 
speed exceeds that of the gear. 

High pressure oil jacking is provided at the L.P. 
turbine and alternator bearings, ensuring that each 
of these journals is supported by a conunuous oil 
film before operation of the electrical turning gear 
commences, until the journal speed is sufficient to 
maintain an oil film from the auxiliary oil pump. 
Damage to the bearings is thus avoided and the 
starting effort required from the turning gear motor 
much reduced. 


Supervisory and Protective Equipment 

The turbine is equipped with the full range of 
supervisory instruments. This instrumentation indi- 
cates to the operators the conditions of the shafts 
and pedestals of the H.P. and 1.P. turbines so that 
close control can be maintained during starting, 
loading, unloading and stopping periods. The instru- 
ments and recorders are mounted in a panel at the 


steam end of the turbine (Fig. 8), 
where they are clearly visible to 
the operators and indicate and 
record the following :— 

(a) Speed of the turbine shafts 
from about 100 r.p.m. up to 
and beyond the overspeed 
range. 

(6) Eccentricity of the H.P. and 
I.P. rotors. 

(c) Relative expansion between 
the H.P. and I.P. rotors and 
their casings. 

Cumulative axial thermal 
expansion of the turbine, 
and whether the machine is 
responding to temperature 
changes ina normal manner. 
Transverse peak vibrations 
of the H.P. steam end, H.P. 
exhaust end and I.P. exhaust 
end pedestals. 

(f) Indication only of the 
position of each throttle valve. 

In addition to the supervisory instrumentation 
outlined above, there is also a mechanical H.P. 
shaft eccentricity indicator, a mechanical tacho- 
meter, and optical indicators for showing the 
positions of the H.P. and I.P. shafts relative to 
their casings. 

The eccentricity and shaft position meters are of 
prime importance during the run up and loading 
of the machine, the time taken for which is dictated 
almost entirely by their indications. They are of 
the utmost assistance in establishing exactly the 
condition of the machine at any given time, this 
being particularly important when a shut-down has 
been of short duration and the turbine is still hot. 


Blade Washing 

The necessary fittings and connections are 
provided to supply dry saturated steam for washing 
away any deposits which may form on the turbine 
blading. If required, this operation is carried out 
at no load and at a considerably reduced speed. 
Condensing Plant and Auxiliary Circulating Water 

System 

This plant is shown diagrammatically in Figs. 9 

and 10. 
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Fig. 9.— Diagrammatic arrangement of conde. 
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Twin condensers are provided, with 
a total tube surface area of 55,000 
sq ft, using a total of 31,800 gallons 
per minute of cooling water. Each con- 
denser is arranged with two water 
passes. 


Three main circulating water pumps 
of the vertical spindle type (Fig. 11), 
each of 50 per cent duty, are provided 
for each turbine to supply cooling 
water for the condensers and _ turbine 
oil coolers. They are driven by 3,300- 
volt 2-speed squirrel-cage induction 
motors having separate windings arran- 
ged for pole changing to give alternate 
speeds corresponding to 10 or 14 poles 
of 580 or 415 r.p.m. with ratings of 
455 or 195 h.p. respectively. These motors 
have Michell thrust bearings at the 
top and ball/roller guide bearings at 
the lower end. Two 100 per cent duty 
auxiliary circulating water pumps are 
provided for the supply of cooling water 
to the alternator hydrogen coolers. 


The condensate is withdrawn from 
the condensers by one of the two 100 
per cent duty condensate extraction pumps 
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Fig. 13.—Boiler feed pump 


(Fig. 12) driven by 3,300-volt squirrel- 
cage motors, while the air is withdrawn 
by two of the three 50 per cent duty 
two-stage steam jet operated main air 
ejectors. A starting air ejector of the 
single stage type is installed for the 
quick raising of vacuum when the set is 
being put into commission. 


The condensing plant including con- 
densers, circulating water pumps, con- 
densate extraction pumps and air ejectors, 
and also the auxiliary circulating water 
pumps, are of Worthington-Simpson 
manufacture. The various pumps are 
driven by * English Electric * motors. 


Feed Heating System 


The feed heating system is shown 
diagrammatically in Fig. 9. 


The feed water is heated to a final 
temperature of 430°F at M.C.R. in 
six stages, using bled steam from the 
turbine. 


ll 


The condensate from the con- 
densers, after being pumped 
through the air ejector coolers by 
the condensate extraction pump, 
is discharged through the two low 
pressure feed water heaters, one 
of which is a high level deaerator, 
to the inlet of one of the two 100 
per cent duty boiler feed pumps. 
The boiler feed pump then dis- 
charges through four high pressure 
heaters to the boiler feed mains. 


The motors driving the boiler 
feed pumps (Fig. 13) are among 
the largest of the two-pole 
squirrel-cage type installed in the 
United Kingdom, each having a 
rating of 2,070 h.p. 2,969 r.p.m. 
3,300 volts 3-phase 50 cycles. 
They are totally enclosed closed- 
air-circuit machines with separate 


14.—View at basement level showing the evaporating 


plant 
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per hour for make-up purposes (Fig. 14). 


* English Electric * motors. 


ALTERNATORS 


to a transformer stepping up to 132 kV. 
The rated output of 60 MW is obtained 
at the machine terminals at 0-8 power 
factor. 

The main components of the alternator 
are shown in the cross-sectional arrange- 
ment in Fig. 15. 


Stator 


The stator casing is a fabricated steel 
structure, ribbed and stayed internally to 
ensure rigidity, and formed with feet for 
bolting to the steelwork set into the 
foundation block. The bearings are 
supported by separate cast steel brackets, 
each split into halves at the horizontal 
centre line and bolted to the end plates 
of the frame. The construction of the 
brackets enables the bearing caps to be 
removed without purging hydrogen from 
the frame. 


The alternator is entirely self-contained 
in that the gas coolers are housed longi- 
tudinally within the stator casing and the 
gas is circulated by means of axial flow 
fans, having blades of aerofoil section, 
mounted on the rotor. This construction 


water cooled air coolers. The air circuit external 
to the motor frame is completed by ducts built 
into the concrete foundations in which 
air cooler for each motor is located. 

cooler can easily be removed for inspection or 
maintenance without disturbing the motor. 
Each motor is provided with two Michell dise- 
lubricated sleeve bearings which are water cooled. 


the 


The 


A triple-effect evaporating plant is provided, 
capable of supplying 25,000 Ib of distilled water 


The feed water heaters were supplied by Worth- 
ington-Simpson Ltd, the boiler feed pumps by 
G. & J. Weir Ltd, and the evaporating plant by 
Aiton & Co. Ltd. The pumps are driven by 


Each of the four alternators, which are hydrogen 
cooled, generates at 11-8 kV and is solidly connected 


Fig. 


16. 
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eliminates all external ducting and thus greatly 
facilitates the attainment of a gas-tight enclosure. 


As is well known, mixtures of hydrogen and air 
are explosive over a range of approximately 5°; to 
70°, of hydrogen by volume. In order to obtain 
the maximum benefit from this method of cooling, 
the concentration of hydrogen in the machine 
should obviously be maintained as high as possible, 
normally 95-97°%, with the result that there is a 
wide margin of safety above the explosive limit. 


The stator windings are of the conventional type, 
transposed internally to minimise eddy currents, 
the coil-to-coil joints being brazed. 


As will be seen from Fig. 16 there are two coolers 
mounted axially in the upper part of the frame 
and extending the full length between the frame 
end plates. At the end to which the water con- 
nections are made, the tube plate is bolted solidly 
to the frame endplate while the return end is free 
to expand or contract in relation to the frame with 


Completed 60 MW _ hydrogen cooled turbo- 
alternator stator at Stafford Works 
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temperature changes. Each cooler is designed with 
divided water boxes so that half a cooler may be 
shut off at a time for tube cleaning while the unit 
remains in service on slightly reduced load. 


Rotor 


The rotor, shown in Fig. 17, is of conventional 
design and is coupled to the turbine through a 
multi-tooth flexible coupling. It is machined from 
a single forging of carbon steel having small 
additions of nickel and vanadium. The usual 
ventilation channels are provided beneath the wind- 
ing slots and down the centres of the teeth. As 
the result of cutting the slots to contain the field 
winding, the inertia of the rotor is different across 
the two major axes, so that the static deflection at 
the centre of a long rotor such as this is appreciably 
greater when the pole axis is horizontal than when 
it is vertical. This effect gives rise to a vibration 
of the rotor at twice the running frequency, and in 
order to eliminate this as far as possible transverse 
grooves are machined in the pole centres. 


The field winding is formed from semi-hard 
silver-bearing copper in order to prevent coil 
distortion through differential thermal expansion. 
The turns are taped throughout their length with 
glass-backed mica tape which completely eliminates 
the risk of short circuits developing between turns 
due to leakage across the edges of strip separators. 

The leads from the winding are brought out of 
the gas-tight housing by means of semi-circular 
conductors running in the central inspection hole 
of the forging to sliprings which are totally enclosed 
and ventilated with air drawn through a filter by 


Fig. 17.—Completed 60 

MW hydrogen cooled 

turbo-alternator rotor at 
Stafford Works 


a fan mounted on the rotor shaft within the slipring 
housing. 


Shaft Seals 


The shaft gas seals are of the floating ring type, 
the principle of which is shown in Fig. 18. Two 
bronze rings are mounted side by side in an annular 
groove in a cast steel support which is carried 
rigidly from the inner surface of the bearing 
bracket. They are permitted to move with the 
shaft in a plane perpendicular to the axis of the 
rotor but are prevented from rotating with it. The 
clearance between the rings and the shaft is kept 


GLAND SEAL OL FEED 
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Fig. \8.—Principle of the floating ring type liquid 
shaft gland seal 
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to the minimum consistent with satisfactory 
running. Similarly, the clearance between the rings 
and the side of the groove in which they are con- 
tained is kept small to reduce the oil flow as much 
as possible and to maintain a satisfactory seal at 
this point. The groove behind the rings is supplied 
with oil at a pressure of about 10 lb/sq in above 
that of the gas in the frame, and feed holes in the 
rings allow the oil to pass into a small annulus 
formed between the rings by machining the rings 
themselves. The film of oil thus maintained 
between the rings and the shaft forms the gas seal 
and at the same time lubricates and cools the rings. 

The form of seal shown in Fig. 18 is not suitable 
for use with hydrogen pressures much in excess of 
30 Ib/sq in gauge, and in order to be prepared for 
the still higher pressures which will undoubtedly 
be required for the very big units of the immediate 
future, the English Electric Company undertook 
a project to develop alternative designs of seals. 
This work has been carried out by the Research 
Department of D. Napier & Son, using a full size 
test rig arranged to run with hydrogen. 

The first of these new designs is, in the interests 
of simplicity, of the ring type, and with the ready 
and valuable co-operation of the Central Electricity 
Authority a set of these has been fitted to one of 
the alternators at Drakelow. 
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The seals are supplied with oil which is normally 
vacuum treated to remove entrained air and water, 
in order to prevent adulteration of the hydrogen 
occurring from the oil which flows to the gas side 
of the seals. A seal oil unit, shown in Fig. 19, 
which is located at basement floor level within the 
foundation block, contains the various items of 
auxiliary equipment associated with the oil supply 
to the seals. 

This unit consists of a welded steel cylinder 
divided into two sections, one of which is an oil 
reservoir and the other a vacuum tank, together 
with two oil pumps, a vacuum pump, a pressure 
control valve, and a number of automatic devices 
and alarms. The seal system uses turbine lubri- 
cating oil, a make-up or discharge connection being 
made to the main bearing drain so that the quantity 
of oil in the reservoir is automatically kept constant 
although some small interchange between the 
bearing and seal system may take place by creepage 
along the shaft between the bearings and the air 
side of the seals. 

Fig. 15 shows the seal oil system in diagrammatic 
form. Normally oil is fed to the seals by the main 
pump A, which is driven by an A.C. motor. The 
pressure at the seals is automatically maintained at 
about 10 Ib/sq in above the hydrogen pressure in 
the frame, whatever it may be, by means of a 
differential pressure regulator B, 
responsive to gas and oil pres- 
sures. Control of the pressure is 
effected by varying the proportion 
of the pump output which is by- 
passed to the vacuum tank C, or 
to the reservoir D if the oil is not 
being vacuum treated. 


After leaving the pump the oil 
is passed through a cooler E and 
thence through self-cleaning filters 
F to the seals. Oil draining from 
the hydrogen side of the shaft 
seals is taken to defoaming tanks 


Fig. 19.—The hydrogen shaft gland 
seal oil unit, with control panel 


in foreground 
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G located under the stator frame, where it is allowed 
to settle, the hydrogen which comes out of the foam 
being returned to the frame. One de-foaming tank 
is provided for each seal to avoid the possibility 
of oil vapour being circulated through the machine 
due to any slight difference between the character- 
istics of the two rotcr fans. The level of oil in the 
de-foaming tanks is maintained by a float valve H, 
which ensures that under all conditions of oil flow 
a gas seal is provided at this point. 


The oil from the de-foaming tanks is taken 
directly to the vacuum tank C through a float 
valve I, while that from the air side of the seals is 
drained into the top of the reservoir tank D. Oil 
from the bottom of the reservoir then enters the 
vacuum tank C with the gas-side oil from the 
de-foaming tanks. This method ensures that the 
oil in the reservoir is kept in circulation. 


Provision is made for by-passing the vacuum 
tank for maintenance purposes without taking the 
unit out of service. In this case the pump draws 
directly from the seal oil reservoir, and the gas-side 
as well as the air-side seal oil is returned to the 
reservoir. Operation in this way can be continuous 
but the consumption of hydrogen will be increased 
because of the necessity of admitting more gas to 
compensate for the infiltration of air through the 
medium of the untreated oil. 


If the pressure of the oil at the alternator seals 
should drop due, for example, to the failure of the 
main pump, differential pressure switches respon- 
sive to both gas and oil pressures bring in the stand- 
by oil pump J. This pump is driven by a D.C. 
motor deriving its supply from the station battery. 
The oil pressure it provides is determined by a 
relief valve. This is pre-set to give a pressure at the 
alternator seals of 10 lb/sq in above the maximum 
hydrogen pressure at which the set will be operated. 
As a precaution against the failure of both motor- 
driven pumps, a back-up oil supply for the seals is 
taken directly from the main bearing supply of the 
set through the valve K. 


In order to prevent any possibility of pockets of 
hydrogen collecting anywhere in the lubrication 
system of the set, a vapour extractor is provided 
on the main oil tank to maintain a slight degree of 
vacuum above the oil and thus ventilate the oil 
pipes and tanks. 


Gas System 

Before hydrogen can be safely admitted to an 
alternator the oxygen contained in the frame must 
be reduced to a concentration which will not give 
a mixture within the explosive range at any time 
during the filling operation. 

As will be seen from Fig. 15, two perforated gas 
distribution pipes are welded into the outer frame, 
one at the top and the other at the bottom. These 
pipes can be connected by means of a suitable 
arrangement of valves either to the gas supply 
manifolds located at basement level or to atmos- 
phere. Prior to filling the frame with hydrogen 
the air is displaced by carbon dioxide until the 
oxygen content is sufficiently reduced. During this 
operation the distribution pipe at the top of the 
frame is connected to atmosphere while the carbon 
dioxide is let in through the lower pipe. In this 
way the least possible mixing of air and carbon 
dioxide takes place so that the minimum quantity 
of gas is used. After the necessary concentration 
of carbon dioxide has been built up in the frame, 
the lower distribution pipe is connected to atmos- 
phere while hydrogen is admitted through the upper 
one. In removing hydrogen from the frame, the 
reverse procedure is, of course, followed. Filling 
and emptying can be carried out with the set 
stationary or running, but in the latter case more 
gas is used because there is complete mixing of the 
frame contents. 

The carbon dioxide is obtained from commercial 
cylinders, five of which are connected to a manifold 
equipped with non-return valves in the feed pipes, 
enabling the cylinders to be replaced as they 
become empty. The cylinders are of the siphon 
type and contain approximately 50 Ib of liquid 
carbon dioxide compressed to 750 Ib/sq in. The 
liquid is released from each cylinder as required 
by operating a lever which pierces a disc in the 
cylinder neck, allowing the liquid to flow in the 
feed pipe to a union, just before the pipe enters the 
alternator frame. An orifice is fitted in this union, 
at which evaporation of the liquid takes place, the 
carbon dioxide gas then being fed into the lower 
distribution pipe. This method of carbon dioxide 
admission avoids the inconvenience of evaporation 
at the cylinders and consequent freezing of the 
liquid in the cylinders, and the purging process can 
thus be completed rapidly. 
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Hydrogen is also obtained from standard 
cylinders with a capacity of 165 cu ft of free gas 
compressed to approximately 2,000 Ib/sq in. Six 
of these cylinders are connected in two banks of 
three to a manifold, one bank being in use at a 
time. Control of the hydrogen pressure is either 
automatic, by means of a two-stage pressure 
regulator followed by a single-stage regulator which 
can be pre-set to maintain any pressure between 
3 and 15 lb/sq in, or manual, by means of a high- 
pressure stop valve which is normally used when 
filling the frame. Full load of the alternator is 
obtained with a hydrogen pressure of } Ib/sq in 
gauge. 

Supervision of the gas conditions prevailing in 
the alternator is obtained from instruments 
mounted in the hydrogen control cubicle seen in 
Fig. 19. The instruments connected directly to the 
hydrogen in the alternator are confined to the 
centre section of the cubicle, which is separated 
internally from the two outer sections and is pro- 
vided with adequate natural ventilation to prevent 
any risk of the accumulation of hydrogen. The two 
instruments in the top row of the centre section 
are pressure gauges, with alarm contacts, measuring 
the gas pressure in the frame. One is scaled 0-2 
Ib/sq in for use under normal conditions, and the 
other 0-20 lb/sq in to cover operation at higher 
gas pressures. In the second row of this section 
are the gas purity indicator and differential pressure 
gauge, the latter measuring the pressure set up by 
the alternator fans as a check on the purity indicator 
when the set is running at normal speed. The 
bottom row of instruments consists of recorders 
for the gas purity and gas pressure. The top 
instrument in each outer section of the cubicle is 
a pressure gauge, measuring the oil pressure at the 
inlet to each gland seal. Below these are a total 
of four dial-type thermometers which indicate the 
gas temperatures before and after each hydrogen 
cooler. The right hand section of the control 
cubicle houses the alarm system associated with the 
oil and gas supplies. This operates a master alarm 
on the central alarms panel, the particular alarm 
given being indicated by a flashing signal on the 
cubicle. 

The method of measuring the purity of the gas 
in the alternator may be of general interest. It is 
extremely simple and consists of making a direct 


measurement of the density of the frame contents. 
Sampling lines are taken from the alternator to a 
small motor-driven blower housed in the control 
cubicle. This blower runs at constant speed and 
sets up a pressure proportional to the density of 
the medium passing through it. The pressure is 
measured by a floating bell type differential gauge 
scaled 0-150 units. A calibration valve is provided 
to enable the instrument to be adjusted so that with 
air in the frame a reading of 100 units is obtained. 
This is taken as the reference and can be checked 
at any time with the set in service by connecting 
the blower to atmosphere. Correction curves are 
provided to cover variations in gas pressure. 


A small silica-gel gas dryer is connected across 
one of the alternator fans. This serves to keep 
down the humidity of the gas in the frame if it 
should tend to increase when the seal oil is not 
being vacuum treated. Water detectors are fitted 
and connected to the low points in the frame to 
give warning of the presence of free water which 
can then be drained off. 


Exciters 


Excitation for the alternators is provided by 
five motor-generator sets installed in the turbine 
house basement, one of which is stand-by. Each 
consists of a main and pilot exciter, driven by a 
squirrel-cage induction motor at 1,000 r.p.m. 
synchronous. The stand-by is switched in, if 
required, with the set off load, and provision is 
made for connecting the exciter being used as 
stand-by to charge the station battery. 


TRANSFORMERS 


Generator Transformers 


The transformer connected to each alternator is 
a 3-phase unit (Fig. 20) designed for a full load 
output of 72 MVA, and stepping up the generator 
voltage to 141-6 kV at no load. The transformer 
internal voltage drop on full load is such that at 
normal ratio the terminal voltage corresponds to 
the nominal system pressure of 132 kV. 


The core is of the five-limbed type, which allows 
a reduction in yoke depth and consequently a 
reduction in the transformer height, this being an 
important factor in transport to site. As for all 
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‘English Electric’ high voltage transformers, the 
H.V. windings are of the patented interleaved-disc 
construction. With this arrangement the windings 
have an inherent high series capacitance, so that 
under impulse voltage conditions, such as a light- 
ning stroke, the momentary voltage gradients in 


the winding are much reduced and the risk of 


breakdown is kept to a minimum. 

The tanks are of the usual welded construction, 
with stiffener ribs welded to the walls to increase 
the tank rigidity and reduce noise emission. The 
H.V. connections are brought out through anti-fog 
type oil filled bushings mounted on turrets on the 
tank cover, these turrets being arranged to accom- 
modate ring type protective current transformers. 
The connections to the generators are made through 
single core cables, and cable boxes are provided 
on the L.V. side. These boxes are mounted on 
disconnecting turrets on the tank cover, so that the 
cables can be isolated from the transformer wind- 
ings for testing purposes. 


Cooling is effected by twin radiator banks 
installed alongside each transformer and connected 


= 


to it through main stop valves. Each bank consists 
of a number of elliptical tube radiators mounted 
between top and bottom headers carried in * A’ 
frames, and the transformer oil conservator tank is 
located on one of the banks. Indication of the oil 
level is provided by two independent oil gauges, 
one being a direct reading prismatic gauge and the 
other of the magnetic type. The oil circulation 
through the coolers is assisted by a pump inserted 
in the lower pipe connection to each cooler, and 
air is blown over the radiator surfaces by centri- 
fugal fans mounted below the radiators. With the 
fans and pumps out of operation the natural 
cooling is sufficient for an output of 36 MVA, and 
the forced cooling is switched on automatically for 
higher loadings. This automatic operation is 
achieved by switching the fan and pump motors 
through contactors energised by mercury switches 
in one of the winding temperature indicators. 


Two such instruments are fitted, one for control 
of the cooler motors as just mentioned and the 
other for protection against excessive overloads or 
other conditions which would result in injurious 


Fig. 20.—Two of the generator transformers and unit transformers 
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heating. The switches in the 
second instrument are connected 
to protective circuits such that an 
alarm is given if the temperature 
rises above normal, and the 
transformer is switched out of 
circuit if the temperature exceeds 
a predetermined figure. A double 
float Buchholz relay provides 
protection against internal faults, 
and a low oil level alarm device 
is fitted to the main conservator 
tank. 


The transformer terminal volt- 
age is variable over a range of plus 
and minus 10 per cent, to cover 
various operating conditions, by 
means of tappings on the H.V. 
winding controlled by ‘ English 
Electric’ on-load tap-changing 
equipment. A three-phase, motor 
operated tap-changer is fitted, 
of the dial selector switch type, 
mounted at the end of the trans- 
former on a pocket containing the 
mid-point auto-transformer. The tapping range is 
covered in fourteen steps, and the tap-changers are 
controlled from hand operated switches in the 
control room. A direct reading tap-position 
indicator is fitted to the tap-changers, and remote 
indication is also provided in the control room by 
electrically operated instruments. 


The control, indication and protective connec- 
tions are taken to the control room by multicore 
cables, and a marshalling kiosk is installed immedi- 
ately adjacent to each transformer for convenient 
grouping of the wiring from the transformers. 
The kiosk is divided into several compartments, 
containing the cooler motor contactors, tap- 
changer isolating switches and relays, and the two 
winding temperature indicators, the dials of which 
are visible through a window in their compartment 
door. 


Unit and Auxiliary Transformers 


Each generator is provided with a unit trans- 
former (Fig. 20), connected to the generator 


Fig. 21.—Two of the 750 kVA 3,300/433 volt transformers for 


Station auxiliaries 


busbars, for supplying boiler feed pumps and other 
unit auxiliaries. These transformers have a rating 
of 6 MVA and a voltage ratio of 11-8/3-45 kV at 
no load, corresponding to the full load unit supply 
system voltage of 3:3 kV. As the generator 
voltage is reasonably constant under normal 
operation, on-load ratio control is not necessary, 
but off-circuit tappings for a limited range are 
provided. 


The transformers are of the natural oil cooled 
type, with elliptical tube radiators on the tank 
walls. Each radiator is bolted to top and bottom 
bosses through shut-off valves, so that any radiator 
may be removed, if required, without having to 
drain oil from the transformer tank. A Buchholz 
relay and winding temperature indicator are fitted 
on each transformer. 


For general station auxiliary and lighting loads, 
four 750 kVA and two 150 kVA transformers are 
installed (Fig. 21), stepping down from the main 
3-3 kV busbars to 433 volts at no load. These are 
standard distribution units of the natural oil cooled 
type, contained in tubular tanks. 
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275/132 kV Auto-transformers 

Although not strictly part of the power station, 
mention may be made of the 275/132 kV inter- 
connector auto-transformers, sited adjacent to the 
station. There are two of these, each capable of 
handling a throughput load of 120 MVA, and 
provided with on-load tap-changing equipment for 


controlling the power flow. They have the same 
general construction and cooling arrangement as 
the generator transformers but are, of course, much 
larger and have specially shaped tanks to reduce 
transport weight. An illustration of one of these 
units appeared on the centre pages of the September 
1956 issue of this journal. 
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A Napier Helicopter Test Tower 


(© FURTHER THE development of Napier 

helicopter power units, a special test tower 

has been built at the Flight Development 
Establishment of D. Napier & Son Ltd, Luton, 
on which the operation of a complete engine 
installation can be investigated and the control 
system thoroughly checked in conjunction with the 
helicopter rotors for which the power unit has been 
designed. 


The test tower (Fig. 1) has been designed prim- 
arily for the Napier Oryx turbo-gas generator, the 
Eland propeller turbine installation for the Fairey 
Rotodyne and the Gazelle free turbine engine, 
although it can be used to carry out fundamental 
research on similar engines for future helicopter 
propulsion. 


Fig. 1.—The Napier heli- 
copter test tower with two 
Oryx turbo-gas generators 
and the rotor head of 
the Hunting Percival P.74 
installed 


Situated below ground level, the test site has a 
basic diameter of 130 feet and is surrounded by an 
embankment rising to a height of 25 feet, additional 
protection being provided by a steel wire screen 
(torpedo netting) supported on pylons. The test 
tower itself, consisting of a pyramid-shaped steel 
structure, is designed to withstand a maximum lift 
force of 100,000 Ib plus 2,800 s.h.p. from each of 
two engines and propellers, the top section of the 
structure being detachable to accommodate inter- 
changeable structures for various configurations. 


A 2,000 gallon fuel tank suitable for wide-cut 
gasoline or kerosene is installed outside the test 
area, the tank embodying a booster pump to 
provide a 10 p.s.i. fuel feed to the engines under 
test. The test runs are conducted from an observation 
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Fig. 2.—Inside the test house, showing the engine and rotor head 
controls mounted in front of the observation window 


test house (Fig. 2) situated just outside the pro- 
tective wire screen, controls and instrumentation 
being provided for two engines. Comprehensive 
recording equipment is also installed to permit 
extensive development to be car- 
ried out on present and future 
installations. 

A recent test programme was 
concerned with the Oryx engine* 
which has been specially designed 
for a particular type of helicopter 
project. This engine is a turbo- 
gas-generator which provides gas 
at a moderate temperature and 
pressure for the propulsion of 
helicopter rotors by means of jet 
reaction. The gas is ducted 
through hollow rotor blades and 
discharged from a nozzle at the 
tip of each blade. 

The test tower was operated 
with an installation representative 
of the Hunting Percival P.74 
helicopter propulsion unit. It 


* Described in the E.E. Journal, December 1955, 
Vol. 14, No. 4, p. 13. 
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consisted of a pair of Oryx en- 
gines, mounted one at each side of 
the lower fuselage section (Fig. 3), 
the gases being led by ‘ trouser- 
leg’ ducts into a junction at the 
rotor head (Fig. 4). 


The entire engine installation 
was inclined to the horizontal, 
representative of its normal flight 
angle, whilst the rotor head was 
mounted vertically on the test 
tower. A gas spill valve was 
located in each duct immediately 
above the engine, which allowed 
the gas to be by-passed during 
starting and ground running. The 
rotor head embodied an auxiliary 
power drive for transmitting up 
to 20 b.h.p. to an accessories 
gearbox which also incorporated 
the mechanism for the rotor 
brake. Oil systems were self- 
contained for each engine, and fire 
precautions included a normal Graviner-type fire 
extinguisher system built into each engine in- 
stallation. In addition, an extra cold air feed was 
provided from an electric blower to determine the 


Fig. 3.—One of the two Napier Oryx engine installations mounted 


at each side of the lower fuselage section 
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amount of cooling required by the oil 
contained in the rotor head. 

From inside the test house each engine 
was controlled by two levers operating the 
throttle and gas-spill valve, special Teleflex 
controls running underground to the test 
tower. Two further levers controlled the 
rotor head brake and the collective pitch 
of the rotor blades, cyclic pitch being pre- 
set and locked. 

The test tower is now being modified to 
take the Napier Gazelle, a free turbine 
helicopter engine of 1,260 s.h.p., which will 
be mounted on one side of the tower 
inclined from the vertical, power being 
transmitted via a mechanical drive and 
gear-box to the rotor head. 

The Napier helicopter test tower has 
already proved invaluable for engine con- 
trol and performance investigations under 
actual operating conditions, and for 
establishing the ideal power unit — rotor 
head combination. 


Fig. 4.—The test tower, showing the 
* trouser-leg’ ducting from the Oryx engines 
to the rotor head 
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‘English Electric’ Generators for Kemano 
Hydro-Electric Power Station 


By E. T. METCALF, B.Sc.(Eng.), A.C.G.I., A.M.I.E.E., Wh.Sc., Machine Design Department. 


‘a hole in the ground 1,135 feet long, 81 

feet wide, 134 feet high and located 1,400 

feet from the face of the mountain.’ This ‘ hole’ 
will eventually house sixteen generating sets, the 
ultimate capacity of the station being 2,240,000 h.p. 
These figures indicate the scale of the hydro- 
electric project which has been undertaken by the 


Ki POWER STATION has been described as 


Fig. 1.—Section of stator during winding 


Aluminum Company of Canada in order to provide 
power for an aluminium smelting plant at Kitimat 
in British Columbia, some 500 miles north of 
Vancouver. By means of a series of dams, tunnels 
and channels, a network of lakes and rivers 
extending over 350 square miles, high up on the 
eastern side of the Rocky Mountains, has been 
transformed into a reservoir. Two tunnels, each 
10 miles long and 25 feet in diameter, 
carry the water to the turbines in the 
Kemano Power House almost 2,600 feet 
below, from which it discharges into the 
Kemano River on the Western side of the 
mountains. A 300,000 volt transmission 
line connects the station to the smelting 
plant at Kitimat, passing en route over 
the Kildala pass at 5,300 feet where very 
severe weather conditions exist in winter. 
These features have been described in de- 
tail in various papers and articles, which 
well illustrate the imagination with which 
the scheme was conceived and the boldness 
of the whole undertaking. 


The initial stage of the development 
comprised the installation of three gener- 
ating sets which were commissioned in 
1954 ; the generator for one of these was 
manufactured by The English Electric 
Company. Further sets are now being 
added at intervals, and recently this 
Company received the order for a second 
generator. 


The first generator supplied was de- 
signed for a rating of 106,000 kVA for 
60°C temperature rise of both stator and 
field windings, with an overload capacity 
of 122,000 kVA without exceeding 80°C 
temperature rise. Both these ratings are at 
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Fig. 2.—Complete stator being transported along the power house 


for lowering into position 


a power factor of 0-8 lagging and a terminal voltage 
of 13,800 volts. The short-circuit ratio was 1-0 
and the transient reactance 240%. 


It was found in practice that more horse-power 
was available from the turbine than had been 
anticipated. However, tests at site showed that 
the generator also was capable of higher outputs 
than the designed values. Consequently it was 
possible for the generator to absorb all the horse- 
power available, and its rating has therefore been 
increased to 114,000 kVA for 60°C rise and 
132,000 kVA for 80°C rise. 


General Construction 
The generator is of the vertical shaft type, with 


the thrust bearing mounted above 
the rotor, and is driven by a 4-jet 
impulse turbine. The normal 
speed of the turbine is 327 r.p.m. 
but the rotating parts of the gen- 
erator are designed to withstand 
the centrifugal forces produced 
at a runaway speed of 610 r.p.m. 
At this speed the peripheral 
velocity of the rotor is more 
than 30,000 ft per minute. 


The general construction of the 
generator follows conventional 
lines for medium-speed machines, 
but the fact that the output is 
relatively high for a speed of 327 
r.p.m. introduces some interesting 
features. 


Stator 


The core was assembled in the 
frame and all the coils inserted 
before the stator was despatched 
to site. The complete stator 
weighs more than 150 tons, and 
was divided into four sections to 
facilitate transport. For ship- 
ment, each quarter was provided 
with a lifting beam which pro- 
truded through the top of the 
packing case, sO minimising the 
possibility of damage to or dis- 
tortion of the stator during handling while in 
transit. 


The coils are of the single-turn Roebel bar type, 
and after insulating were pressed to such a size 
that they were a tight fit in the slots so that no slot 
liners or side packing pieces were necessary. Each 
phase is divided into two equal groups of coils, 
and both ends of both groups are brought out to 
terminals to permit the useof split phase protection. 
Fig. 1 shows a section of the stator during winding. 
The finished winding was subjected to an a.c. 
high-pressure test of 30,000 volts before despatch. 


To enable work to proceed in the turbine pit 
at the same time as the stator sections were 
being joined together at site, the stator was 
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Fig. 3.—Rotor hub on completion of machining 


assembled away from its final position. As the 
coils are split at both ends, making it possible 
for all of them to be inserted in the factory, only 
the connections between the coils crossing the 
splits in the stator had to be made at site. When 
completed the stator was transported as a single 
unit (Fig. 2) to its final position, the upper bracket 
having been designed so that it could be used, 
inverted, as a lifting beam. 


Rotor 


The rotor body was built up from nine steel 
plates, each approximately 14 feet in diameter and 
11 inches thick, shrunk on and keyed to a through 
shaft. Each plate was machined all over as a disc, 
and the nine plates were then stacked on a special 
turn-table for machining the flats and tee-slots on 
the periphery. The special turn-table was necessary 
because of the weight of the hub—approximately 
250 tons—and incorporated an oil jacking system 


to facilitate the accurate position- 
ing which is necessary as suc- 
cessive faces are machined. The 
completed hub is shown in Fig. 3. 


One of the interesting features 
of the erection of the generator 
at site was the shrinking of the 
hub on to the shaft. A hub of 
this type must be shrunk on with 
an interference fit sufficient to 
ensure that it will not float on the 
shaft at runaway speed. The 
interference required for the 
Kemano generator was :027 inch, 
and to insert the shaft safely the 
bore of the plates had to be 
expanded by at least -050 inch, 
i.e. the plates had to be raised 
to a temperature of approxi- 
mately 130°C at the bore. This 
was accomplished by surround- 
ing the plates with strip heaters 
and enclosing the whole in an 
asbestos tent, the heating period 
required being 17 hours. 


The normal procedure employed 
by The English Electric Company 
for inserting the shaft in a hub 

of this type is to stack the hub plates upside down, 
heat them till the bore is expanded sufficiently and 
then lower in the shaft from above. As the 
assembly is then upside down it is necessary to 
turn it through 180°. While this has been success- 
fully accomplished with rotors weighing as much as 
130 tons, it was felt that in view of the much 
greater weight to be handled in this case the 
turning operation should be avoided. The shaft 
was therefore placed in a hole below the level of 
the assembly bay, and the plates stacked on the 
assembly bay. When they had been expanded 
sufficiently the shaft was pulled up into position 
through the bore. Threading a shaft is always a 
somewhat delicate operation which must be 
carried out accurately and quickly. Otherwise 
heat may be transferred to the shaft causing it to 
expand and so possibly lead to jamming of the 
shaft in the bore of the hub before it has been 
pulled fully home. At Kemanothe shaft, 27 ft 6 in 
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Fig. 4.—Lifting rotor after shrinking hub on shaft 


long, was successfully inserted in 16 minutes 
without any trouble (Fig. 4). 


The poles were built up of steel laminations 
clamped between cast steel endplates by through 
bolts which were tightened while the whole was 
compressed in a hydraulic press. Each pole is 
attached to the rotor by a pair of tee-heads which 
engage with corresponding tee-shaped slots on the 
hub, pairs of taper keys being used to lock them in 
position. At runaway speed the load on these 
tee-heads due to the centrifugal force acting on the 
pole and coil is more than 3,000 tons. 


The field coils were formed from copper strip 
wound on edge, insulated with asbestos paper 
between turns and mica between copper and earth, 
and mounted on sheet steel spools with insulating 
and metal flanges at each end. On completion a 


high pressure test of 5,000 volts was applied to 
them. To prevent bowing of the sides of the coils 
at runaway speed, two vee-shaped supports were 
provided between each pair of coils, these being so 
designed that they can be removed without with- 
drawing the rotor from the stator. It is thus 
possible, if required, to remove one or more poles, 
and so remove and replace stator coils, without 
any major dismantling. 

The static balance of each of the rotor plates 
was checked in the factory and each of the poles 
and coils weighed. The poles and coils were then 
so distributed around the periphery of the rotor 
as to give the best overall balance. It is 
worthy of note that no balancing whatever was 
necessary when the set was commissioned, the 
double amplitude of the run-out at the coupling 
being only -0015 inch. 


Brackets 

The upper bracket, shown in Fig. 5, consists 
of a cast steel centre to which eight cast steel arms 
are bolted and hooked. The thrust bearing oil 
reservoir is mounted on the top of this bracket. 
This arrangement makes access to the thrust 
bearing, facilitated by doors provided in the 
walls of the reservoir, extremely simple. In fact the 
complete set of thrust pads can be removed for 
examination, reassembled and adjusted in about 
two hours. 

The lower bracket is fabricated and the arms 
carry the combined brakes and jacks. The brakes 
are designed to bring the set to rest from full speed 
in 10 minutes. The centre of the bracket forms the 
oil reservoir for the lower guide bearing. 


Bearings 

The thrust bearing (Fig. 6) is of the standard design 
employed by The English Electric Company. A 
forged steel thrust collar is shrunk on the upper end 
of the shaft on which it is located axially by a split 
ring. The lower face of the collar is machined and 
polished to form the thrust bearing surface, while 
the vertical face forms the bearing surface for the 
upper guide bearing. The thrust collar rests on the 
white-metalled surface of eight cast steel thrust 
pads, each of which is carried by a load-spreading 
disc. The latter is pivoted on a dome-shaped 
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insert fitted in the top of a pad adjusting screw, 
so that each thrust pad is free to tilt both radially 
and circumferentially. This ensures correct forma- 
tion of the oil wedge between the pad surface and 
that of the collar at all speeds and loads. The 
heights of the pads can be adjusted individually, 


thus making it possible to set them 
so that they share the load equally. 
The support ring rests on an 
equaliser ring which performs the 
same function as a spherical seat- 
ing, without its inherent dis- 
advantages, i.e., it permits the 
support ring to rock and so ac- 
commodate any slight lack of 
normality between the face of the 
thrust collar and the shaft axis, 
and thereby ensures equal sharing 
of the load by the thrust pads 
when running. 


It is important that a thrust 


Fig. 6.—Thrust bearing 


Fig. 5.—Thrust bearing oil reservoir 
being fitted to top bracket 


collar should be a tight fit on its 
shaft, and expansion of the bore 
due to centrifugal force may 
necessitate quite a large inter- 
ference between collar and shaft 
when at rest. The interference 
‘required for large collars such 
as that used for Kemano, which 
weighs approximately 10 tons, 
makes it very difficult for them 
to be pressed on and removed 
from the shaft by normal methods 


without considerable risk of 
scoring the mating surfaces. 
These operations, particularly 


removal, may take many hours. 
It was therefore decided to em- 
ploy the oil injection method 
(SKF Patents Nos. 599251 and 599304) for the 
Kemano collar. With this method the collar is 
mounted on a tapered seating and oil is injected 
under high pressure between the mating surfaces. 
The collar is thereby expanded and can be jacked 
on or removed from its shaft easily, quickly and 
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with no danger of scoring, even though a large 
interference is used. The Kemano collar can in 
fact be assembled on or removed from the shaft in 
only three minutes. 

Both upper and lower guide bearings are of the 
pivoted pad type with individual adjustment for the 
pads. 

An external pump delivers oil to the bearings 
from a sump tank via a water-cooled oil cooler, 
so ensuring a definite supply of cool oil at all speeds 


from rest up to runaway. After passing through 
the bearings the oil spills over weirs fitted in the 
oil reservoirs and returns to the sump. Duplicate 
pumps are provided, the standby pump, which is 
driven by a d.c. motor, being started automatically 
should the output from the main pump fall below 
a predetermined value. In the very unlikely event 
of complete failure of the pumped oil supply, the 
weirs would maintain the oil level within the 
reservoirs at the normal running level. 
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Automatic Starting and Control of Diesel 


Engines 


By L. BERMAN, M.A., A.M.1.Mech.E., and E. H. WOODHEAD, B.Sc... A.M.I.Mech.E., 
Diesel Engine Division. 


of safeguarding against breakdown of the public 

electricity supplies received but little attention. 
Since that time however, many emergency plants 
have been installed for the local generation of 
electricity for a wide range of purposes. The 
following examples will serve to illustrate the 
possible applications of such plants :— 


(1) Industrial. To maintain the full level of 
production irrespective of interruption to the 
normal power supply, or to maintain the con- 
tinuity of some industrial process where large 
quantities of material would be wasted should 
the process be interrupted before completion. 

(2) Human safety. To provide for the safety of 
people in situations which might endanger 
lives if a failure of light or power were to 
occur. Under this heading come the lights in 
hospital operating theatres or large stores, 
railway signalling systems, ventilating sys- 
tems, e.g. in coal mines. 

Public Services. To provide power for tele- 

phone or radio systems, pumping stations or 

for the auxiliaries of large generating plants 

to enable these to be put into service from a 

*banked-up’ condition in the event of a 

breakdown in the grid system. 


I: BRITAIN PRIOR TO World War II, the question 


(3 
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Diesel engines are very suitable for such emergency 
plants for several reasons ; for example, there is a 
very large range of available sizes, they may be 
rapidly started and they are able to carry full load 
within approximately 20 seconds of the starting sig- 
nal being given, no fuel is consumed whilst they are 
‘on call’ and the actual running costs are low. 

The English Electric Company’s experience in 
the automatic operation of diesel engines goes 


back to 1941, when automatically-started sets were 
installed at Fulham power station, London, and at 
a factory of the Standard Motor Company Limited. 


Starting Methods 


The initiation of the start can follow on various 
events, such as mains failure (perhaps the most 
common), operation of a push-button in any 
desired position, variation of water pressure in a 
fire-fighting system, or the exceeding of a given peak 
load on the mains. There are also country-house 
lighting plants which start up as soon as any switch 
in the system is closed. Various starting methods 
are possible, depending partly on the size of engine 
and number of cylinders : those most used are, 
admitting compressed air into the cylinders, a 
compressed air motor (requiring an air compressor 
and receiver), an electric motor or using the main 
generator as a motor (requiring a battery and 
charging apparatus). 


Starting Process 


The method usually employed by The English 
Electric Company is as follows. 


On the signal being given, an oil pump starts 
and primes the lubrication system of the engine ; 
when a predetermined pressure has been built up, 
the starting apparatus is put into action, e.g., a 
solenoid-operated air control valve is energised to 
admit compressed air to the engine cylinders. 
When the engine speed has risen sufficiently to 
ensure continued running, it is necessary to cut out 
the starting apparatus ; for this purpose the rise in 
speed can be registered in various ways, such as by 
a pressure switch responding to the rising oil 
pressure, by a centrifugal switch, or by a tacho- 
generator and relay. When normal speed is 
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reached, the governor comes into action and 
maintains the speed in the usual way. 


If it is essential to have the smallest possible delay 
before the engine starts, the oil priming pump can 
be kept running continuously, or it can be run for 
short periods at regular intervals, and the starting 
apparatus can then be operated immediately. 


Stopping 

The set can be arranged to stop automatically 
when the circumstance which started it ends, or it can 
continue to run until stopped by an operator, either 
by local or remote control. When automatic or re- 
mote controlled stopping is required, a solenoid- 
operated valve is fitted in the oil supply to the 
governor. De-energising the solenoid of this valve 
stops the engine. 


Safety Devices 


Protection against faulty operation can be 
provided if desired, both on automatically started 
sets and on sets started manually. Such protection 
may be required even where an engine attendant 
is normally present, if he is not highly experienced 
or has several engines to look after. Some faults 
which can be covered are, failure to start in a 
specified time, overspeed, underspeed, low oil 
pressure, high temperature of oil or water, low 
level of fuel oil or water, and low water flow. All 
these conditions are usually made to operate an 
electric circuit by suitable switches. 


The protective devices can be arranged to stop 
the engine or only to give a warning by audible 
and/or visible means. In either case it is usual to 
provide lamp or flag signals to show which particu- 
lar fault has occurred. If required, the fault 
condition can operate a warning initially and then 
stop the engine if the condition becomes worse ; 
this method may give an attendant time to put 
matters right in the early stages of a fault. 


Auxiliary Apparatus 
Some of the following items will be required in 
any installation, and others can be fitted when 
desirable :— 
Water and oil cooling equipment, put into 
action either when the engine starts or when 
pre-determined temperatures are reached, 


Motor-driven air compressor, controlled by 
pressure switches. 


Battery charger. 


Pump to transfer fuel from storage to supply 
tank. 


Automatic switchgear for connecting the set 
to the desired circuits and also for synchronising 
or paralleling, if necessary. 


Immersion heaters to keep the water and oil 
warm in cold weather, so that the engine can be 
put on to load immediately it is started. 


Flywheel Sets 


In some cases, even a momentary interruption in 
supply cannot be tolerated. A more complex 
plant is then necessary, on the following lines. An 
alternator and a large flywheel are kept constantly 
running by a mains-driven motor. If the mains 
supply fails, an engine is started and coupled to the 
flywheel-alternator set by a clutch. During the 
few seconds taken by this process the flywheel 
maintains the alternator motion, and its size is 
such that the speed falls by only a small amount. 
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Fig. 1.—Schematic diagram of automatic starting 
equipment 


Typical Systems 

The three examples which follow illustrate the 
wide variety of systems which can be devised to 
suit any particular requirements. 


(A) Simple Auto-start System 


Fig. | shows schematically the simplest possible 
auto-start system. When the mains supply fails, a 
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Fig. 3.—Automatically started 1,100 kW set with auxiliaries 


relay closes contact MFRI which energises relays 
SR and TDR. Contact SRI starts the lubricating 
oil priming pump motor PPM ; after a few seconds 
the oil pressure rises and closes switch OPS1, thus 
operating the valve SV admitting compressed air 
to the engine. When the engine fires and its speed 
rises somewhat, the second pressure switch OPS2 
opens and de-energises the whole system. If the 
engine fails to start in a given time, the delayed con- 
tact TDR1 opens and terminates the attempted start. 


If electric starting is required, the appropriate 
control switch is substituted for valve SV. 


(B) System including Protective Features 


Fig. 2 is the schematic diagram of a more 
elaborate plant including various protective fea- 
tures, and Fig. 3 shows the actual installation in 
an Air Ministry power station. 


On failure of the normal mains supply, with 
switch SHS at *“ Auto”, the relay ASR is closed 
by an impulse from the D.C. supply through 
terminals AMI and AM2. This relay operates the 
timing relay TLR, starts the oil priming pump 
motor PPM through contactor PPC and opens the 
shut-down valve SDV. This valve allows oil from 
the engine lubricating system to flow to the 
governor, which can then function in the normal 
way. The direct contact on TLR prepares the 
circuit for the operation of the air starting valve 
SV. The priming pump builds up oil pressure in 
the engine system, thus raising the governor servo- 
piston and also closing an oil pressure switch LOP1. 
The latter energises the starting air valve SV through 
relay SVR so that compressed air is admitted. 

When the engine reaches a certain speed the 
transmitter TT on the engine operates the speed- 
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sensitive relay ER which trips open TLR. The 
direct contact of the latter breaks the circuit to the 
starting air valve SV. At the same time, the other 
contact of ER closes and operates relay ERR ; 
after a certain time delay the latter breaks the circuit 
to PPC and thus stops the priming pump. The 
engine-driven oil pump has meantime filled the 
whole system, so that pressure is maintained. 

At a speed which is adjustable over a certain 
range another relay closes an external circuit to 
the switchgear through terminals 11 and 12. 

If for any reason the engine should fail to start 
within a predetermined time, the delayed contact 
on the timing relay TLR operates, thus operating 
relay SDR and causing the * Auto-Start Failure ” 
lamp to light. This prevents further drain on 
the air bottles and battery. The relay SDR is 
reset by the push-button PB, and starting may 
again be attempted. 

The air receivers are normally kept at a pressure 
of 275 to 300 Ib/sq in by the motor-driven com- 
pressor, controlled by the pressure switch CPS. 
The compressor motor CM can also be run, if 
required, by turning the switch CHS to “ Hand”. 
If the pressure should fall below 250 Ib/sq in, the 
pressure switch SPS breaks the circuit to the green 
lamp AS and makes that to the “Low Air 
Pressure ” lamp LAP. 

When the contactor CC closes, the relay RVR 
is also operated and this closes the valve RV which 
controls a small leak-off in the air pipe from the 
compressor to the receivers. When the compressor 
stops, this valve opens and the pressure in the air 
pipe falls to atmospheric, so that the compressor 
motor can start up without load. 


When the engine is running and the engine water 
temperature rises to 150°F, the water cooler fan 
and pump are automatically switched on. 


When the engine is no longer required to run, 
the external circuit between AM2 and AM3 is 
temporarily broken. This releases relay ASR 
which breaks the circuit to the shut-down valve 
SDV, so that the oil supply to the governor is cut 
off and the engine stops. As the engine slows down, 
the circuit through terminals 11 and 12 is broken at 
a speed which can be adjusted. 


The automatic system can be tested at any time 
by turning the selector switch to “Hand”. The 


relays etc. then all operate exactly as if the starting 
impulse had been received, and the engine starts. 


Safety devices are provided to stop the engine 
in case of faulty operation. If the temperature of 
the water leaving the engine exceeds 190°F, switch 
HWS closes, giving signal lamp indication and 
operating relay SDR. The relay breaks the circuit 
to the shut-down valve SDV, thus stopping the 
engine. The lamp continues to glow and the 
engine cannot be started, even if the temperature 
falls, until the relay is reset by the push-button PB. 


Protection against low water flow, high oil 
temperature, low oil pressure and overspeed is 
provided in a similar way. Switches HWS, WFS 
and LOP2 are wired through relay ERR which 
closes when the engine reaches a certain speed, so 
that these safety devices operate only above this 
speed, which prevents the oil pressure and water 
flow devices from operating while the engine is 
being started. 


(C) Protective System with Warning and Shut-down 
Apparatus 


Fig. 4 is the schematic diagram of the protective 
equipment for a transportable generating plant, 
and Fig. 5 shows the panel. Starting is carried out 
manually. 


The solenoid GS controls the supply of oil to the 
governor and must be continuously energised to 
enable the engine to run. The circuit to it is made 
when switch IS is closed and this switch also makes 
the circuit to lamp LI on the panel. When the 
engine has run up to speed, the hand control lever 
is moved to the normal running position and this 
closes switch TS which energises the whole panel, 
lamps L2, L3, L4 thus lighting. 


In the event of water temperature above 190°F, 
switch WTSI closes and energises relay WTR. The 
contacts of the latter disconnect lamp L2 and 
energise Klaxon horn K, which can be silenced, 
while the fault is investigated, by operating push- 
button PBI which acts through cancellation relays 
CR. The circuits to the Klaxon horn relating to 
oil temperature and oil pressure are still available 
for operation if a fault should develop on one of 
these systems. The cancellation system resets 
itself automatically when the water temperature 
returns to normal and switch WTSI opens. 
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Fig. 5.—Protective equipment panel 


The same sequence of events applies in the case 
of oil temperature above 185°F or oil pressure 
below 35 Ib/sqin. The panel is not energised until 
the engine is running normally, so that the oil 
pressure switch does not operate the system while 
the engine is being started. 


If the water temperature rises further to a figure 
exceeding 200°F, switch WTS2 closes and operates 
relay TDR and flag indicator Fl. TDR energises 
shut-down relay SDR which breaks the circuit to 
solenoid GS, thus stopping the engine ; the circuit- 
breaker is also tripped, so as to disconnect the 
alternator from the system. SDR-4 breaks the 
circuit to the six fault switches so that OPS2 and 
LSS cannot operate their indicators while the 
engine is slowing down. TDR has a small time lag 
to ensure that Fl operates before the current to it 
is cut off by SDR-4 opening. 

The same sequence of events again applies in 
the case of oil temperature above 195°F, oil 
pressure below 30 |b/sq in, speed below 650 r.p.m. 
or an electrical earth fault. In the event of speed 
above 1,000 r.p.m., the overspeed governor on the 
engine mechanically cuts off the fuel and at the 
same time operates switch HSS which trips the 
circuit-breaker and operates the appropriate 
indicator. 


General 


As the foregoing examples show, there is a wide 
diversity in operating methods and in complexity of 
equipment. Starting and protective apparatus 
cannot be standardised on account of the various 
requirements of different installations, but an 
endeavour is made to combine regular elements in 
providing a system for each installation, and the 
equipments are composed of standard relays and 
other straightforward components, which are very 
reliable. 


The automatic control cubicle and protective 
equipment panel shown in Figs. 3 and 5 were sup- 
plied respectively by Dewhurst and Partner Ltd., 
and the Electro-Dynamic Construction Co. Ltd., as 
sub-contractors to The English Electric Company. 
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Some Aspects of High Speed Flow 


By V. T. FORSTER, B.Sc.(Eng.), A.M.I.Mech.E., Head of the Air Flow Laboratory, Steam Turbine 
Division. 


This article is based on the lecture given by the author to the Rugby Engineering Society on the 
22nd of February 1956. 


PART I 


HE SUBJECT OF HIGH SPEED FLOW has come 
into prominence in recent years due to the 
advent of supersonic aircraft, but the dyna- 
mics and phenomena involved are by no means 
limited to the aeronautical field. However, those 
studying fluid flow in turbo-machines have to make 
use of the knowledge gained on high speed aerody- 
namics, since at the moment it is all that is available. 


The object of this article is to explain as simply 
and as generally as possible why flow at very high 
speeds should in fact behave differently from flow 
at any other speeds. 


Since speed or velocity is the main variable with 
which the article is concerned, the speed range 
may at the commencement be divided into several 
sections which can be summarised as follows : 
(a) viscous or creeping flow, (6) low subsonic flow, 
(c) high subsonic flow, (d) transonic flow, (e) 
supersonic flow, (f) hypersonic flow. It will be 
noted that even at this early stage a very important 
factor is inevitably introduced, namely, the velocity 
of sound. 


Subsonic Flow 


Viscous Flow.—This first section, although it 
certainly covers motions carried out at very low 
velocities, is usually dominated by the essentially 
viscous nature of the medium. In fluid dynamics 
it is known as the section in which the Reynolds 
numbers are extremely low, this non-dimensional 
ratio having great significance in determining the 
flow patterns in all the subsonic sections. 


This section is of rather limited interest to the 
engineer but some examples are the flow of oils 


through bearings and filters, the motion of mist 
and dust particles in the atmosphere, and the 
seepage of water through soil and other porous 
substances. 


Low Subsonic Flow.—The second section is that 
most commonly met with in hydraulic engineering, 
where neither excessive viscosities nor excessive 
speeds are encountered. Whereas in the first 
section the effect of viscosity is felt throughout the 
entire field, its influence is now confined to the thin 
layers of fluid adhering to the solid boundaries. 


Water turbines and pumps therefore come into 
this section, as well as a wide range of fluid transport 
in pipes and ducts. It also covers a variety of 
machines handling gases, provided that the gases 
can be regarded as of constant density and therefore 
that the simple Bernoulli equation can be applied. 
Thus a vast amount of aerodynamic data dealing 
with aerofoils and aircraft performance comes 
under this heading, as well as fans and blowers and 
several of the stages of steam and gas turbines and 
axial-flow compressors. It is, in fact, a very large 
section indeed. 


High Subsonic Flow.—In the next section, called 
high subsonic flow, liquids and gases part company, 
inasmuch as up to now the medium has been 
treated as incompressible, like water or oil: a 
speed-up in velocity and an increase in velocity 
head resulted, in the absence of losses, in a propor- 
tional decrease in pressure head, and vice versa. 
A gas or vapour, however, is elastic and can be 
compressed, and if the changes in pressure are 
large enough they can result in changes in volume 
or density of the gas. One way in which such large 
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the wings will be modified, resulting in 
changes in lift and control coefficients. 
It is thus found that a correction has to 
be applied to the low speed calculations, 
this correction becoming progressively 


Uidi= Usde | ¢ constant A. greater with speed. 

INCOMPRESSIBLE It is interesting to note, however, that a 
FLOW different aerofoil shape could have been 
a 7Ge designed for the high speed example 
—— = to give exactly the same pressure dis- 
tribution and, rather significantly, 
would have been a thinner section. A 
similar compressibility influence is felt 
2,U,4, if there is a row as in 
. propeller or compressor, and here as 
COMPRESSIBLE well as being thinner the high speed 

FLOW sections should be pitched further apart. 


Fig. 
aerofoil 


pressure changes can be brought about is to 
continue increasing the speed into this high sub- 
sonic region. In many cases of gas flow of course, 
for instance in turbo-machines, this change of 
density is taken into account automatically, but 
for an aircraft of fixed geometry flying into this 
region it is of some significance. 

Imagine an aerofoil or wing section for instance, 
and examine what happens to the streamlines round 
the section as shown two-dimensionally in Fig. 1. 
The streamlines crowd together at the thickest part 
of the section, and the distance between the stream- 
lines can be fixed from the continuity equation 
2 ud = constant, i.e., density velocity distance 

constant. If the fluid were water, where ¢ is 
constant, the distances would be inversely propor- 
tional to the velocities as shown in Fig. 1A. In 
Fig. 1B the relative velocity is increased an appre- 
ciable amount over that in Fig. 1A, such that the 
corresponding pressure drop is large enough to 
bring about a change in density. Therefore, for 
the same increase in velocity, the distance apart of 
the streamlines becomes greater in accordance 
with the continuity equation. 


The result is a definite distortion of the flow 
pattern, and in the case of an aircraft this can be 
of some importance since the pressure field round 


1.—Effect of compressibility on streamlines 


The extreme end of this subsonic 
section is a very significant one and 
is reached by continually increasing the 
level of velocity until at some local point 

in the flow system it attains the velocity of 
sound in the fluid. Before passing to the next 
section therefore, it will be advisable to consider 
what is meant by the velocity of sound. 


around 


The sound of the human voice travels in the form 
of a succession of compression and rarefaction 
waves in all directions in an ever-widening sphere. 
The changes in pressure involved are very small, 
of the order of a millionth of an atmosphere, but 
nevertheless they are pressure waves. The sound 
reaches a hearer almost instantaneously, but 
assuming it were intense enough, it would take 
nearly a minute to travel 10 miles. Nature has in 
fact decreed that the speed with which a sound 
wave travels in air is comparatively low. 


Newton was the first to show that the velocity 
at which these sound or pressure waves travel is a 
function of the elasticity of the medium, which 
seems reasonable enough since it will obviously 
influence the manner in which the successive 
compressions and rarefactions making up the sound 
waves are propagated. In a completely incom- 
pressible medium of course, propagation would be 
instantaneous. 


If this elasticity is expressed as the rate of change 
of pressure with density, i.e., dp/dg. we can express 
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Newton’s findings in the simple equation :— 


Velocity of sound a = Ve 

de. 
The process of wave transmission is adiabatic due 
to the negligible heat transfer, and not isothermal 
as originally assumed by Newton, and therefore 
the relationship p= eY x constant, where y 
is the adiabatic index, can be used to relate 
density and pressure. Differentiating this last 
expression and substituting in the above formula 
for the velocity of sound gives :— 


é= YP VYRT, 
where R is a constant and JT the temperature, 
showing that the velocity of sound in any gas de- 
pends only upon the temperature. For air under 
atmospheric conditions it is about 1,100 ft/sec, but 
it decreases with altitude. 


Another interesting point arises. The foregoing 
equation shows that the pressure change dp is 
proportional to a*. But it has already been noted, 
by reference to the simple Bernoulli equation, that 
at low speeds where density changes are negligible, 
pressure changes are proportional to u*. Obviously, 
when the ratio u*/a? is small, the so-called com- 
pressibility effect is unimportant. The ratio u/a, 
namely, the velocity of flow to that of sound, is in 
fact now recognised as the controlling parameter 
in high speed flow and is known as the Mach 
number. It can now be specified that it is the 
increase in Mach number which is causing the 
progressive distortion of the flow round the 
aerofoil discussed earlier in this section. The laws 
dealing with this aspect of aircraft design show 
that the correction factor which has to be applied 

| 


to allow for compressibility is simply View 


M being the Mach number. 


Transonic Flow 


The modification of the flow pattern up to this 
stage, however, is very small indeed compared with 
that experienced when once the flow velocity has 
exceeded that of sound somewhere in the system. 
There is then no such thing as a correction factor, 
since the whole nature of the flow begins to change. 


Transonic flow is defined as a mixture of subsonic 
and supersonic flow, and this is the most difficult 
and least understood of all the sections. It can, 
however, be divided fairly readily into two parts, 
depending upon whether an increase or decrease in 
speed is required. There can be (1) a continuous 
acceleration from subsonic to supersonic speeds in 
a smooth and orderly fashion, and (2) a deceleration 
from supersonic to subsonic speeds which is 
unfortunately neither smooth nor orderly, and it 
is here in fact where all the trouble begins. 


Case (1) will be dealt with first, as it is easier to 
visualise. In the simplest example of frictionless 
one-dimensional flow in a duct, the well-known 
graphs can be drawn showing how the pressure, 
density and cross-sectional area change as the 
velocity is increased through the sonic range. But 
from now onwards a point must be made of using 
Mach number and not velocity, since this is the 
relationship which really matters. If we use 
Mach number, then the temperature of the air, or 
other medium, is immaterial. For instance, a 
velocity of 1,000 ft/sec which is a Mach number of 
nearly 1-0 under normal air conditions, corresponds 
only to -25 Mach number in hydrogen and to about 
‘5 Mach number in high pressure steam in a 
turbine. 


The early steam turbine designers were the first 
to encounter transonic flow (although not then so 
named) when they started using de Laval nozzles. 
The graphs just mentioned show that as the Mach 
number increases up to 1-0, the area of the duct 
requires to decrease, being inversely proportional 
to density times velocity. At Mach 1-0, however, 
the rate of decrease of density overcomes the rate 
of increase of velocity, and it is then required that 
the duct enlarges as the expansion continues. At 
the throat of the duct the velocity is that of sound. 
Thus once the speeds are supersonic, one profound 
change is immediately noted. In order to increase 
the speed beyond Mach 1-0 the area must be 
increased, the exact opposite of the requirement in 
subsonic flow, and this calls for a radical adjust- 
ment of thought. The essential relationship 
between velocity and area for any Mach number is 
put simply in the following form :— 

dA 


l M?) = 
u A 
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It will be noted therefore that around the Mach 1-0 
region there is great sensitivity to any change in 
area or velocity, and that beyond Mach 1-0 the 
area-velocity relationship changes sign. 

The de Laval nozzle is a very special and 
simplified example of supersonic flow. There are 
many supersonic systems which cannot be treated 
one-dimensionally, and a much more accurate 
two-dimensional method is available for supersonic 
expansion which is explained in the next section. 

In most applications, as well as making the 
flow supersonic it is also required to bring it back 
to subsonic, and although a gradual compression 
is theoretically possible it has never in fact been 
demonstrated. The fluid prefers to slow down 
suddenly by means of a sharp discontinuity in the 
flow. This is apparently the more stable solution, 
and the discontinuity is known as a compression 
wave or shock wave. All changes of state occur 
instantaneously across the shock wave, the sudden 
drop in velocity and Mach number being accom- 
panied by a sudden rise in pressure, density and 
temperature. These shock wave relationships are 
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init apply to slender bodies of revolu- 

tion, such as fuselages or projec- 

tiles, and could help considerably 

Fig. 2.—-Typical shock wave patterns for an aerofoil passing through in interpreting the flows through 


the transonic region 


considered later, and the examples of shock wave 
formation presented as the article proceeds will, 
it is hoped, make the reasons for their presence 
clear. Briefly, however, for shock waves to occur 
it is first of all necessary to have part of the flow 
supersonic and then endeavour to slow it down or 
deflect it into a smaller space. On the other hand, 
as long as the flow continues to expand, a shock 
wave is impossible. 

Consider the growth of shock waves in what is 
probably the most general application, that of a 
body immersed in a moving stream (or the body 
may be moving and the stream steady, the flow 
pattern will be the same). Two immediate points 
should be noted. (1) However thin the body, the 
fluid must experience a rise in velocity and fall of 
pressure near its thickest section. (2) Unlike the 
example of the converging-diverging nozzle, the 
pressure has to return again downstream to what 
it was upstream. 

The first point decides where the high subsonic 
section ends and the transonic region begins, since 
for any shape of body there will be a certain 
upstream Mach number, known 
as the critical Mach number, at 
which the velocity at some part 
on the body will be just sonic. 
Obviously for a blunt body like 
a sphere or cylinder the critical 
Mach number will be rather 
low due to the crowding of 
the streamlines at the equator. 
It is in fact about -4 or -5, whereas 
for a streamlined section it will 
be more like -8 or -9. 

Blunt bodies or spheres have 
little interest now, with modern 
knowledge of streamlining, so that 
with the aid of the diagrams in 
Fig. 2 the whole transonic region 
will be examined with reference 
to a typical aircraft wing section 
producing lift. To a large extent 
the following remarks would also 
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and compressors. A warning should be given here 
that these pictures of the flow in the transonic 
region are purely qualitative. Even to-day, 
it is the region of which least is known and which 
is the least amenable to treatment, either 
theoretical or experimental. 


At the critical Mach number the velocity has 
accelerated from the nose of the wing section up 
to the thickest portions and has reached sonic. 
This will be on the upper surface since, as the wing 
is generating lift, the suction pressure here will be 
greatest. As the stream Mach number is increased 
(or as the wing moves faster), the surface of the wing 
affected by velocities of sonic or above will grow, 
and it will be possible to define a ‘ bubble’, the 
extent of which will define the supersonic expansion 
region (left-hand diagram A). Sooner or later, 
however, the pressure must be restored, and the 
expansion region terminates in a shock wave in 
order to preserve equilibrium. 


The next diagram (B) corresponds to a stream 
Mach number of about -90. Now the shock has 
grown stronger and moved further back, and the 
velocity on the lower surface is sufficiently high to 
produce a shock wave here. At just over Mach 
1-0 (diagram C) the two shock waves are in the 
tail region and more inclined, but now another 
shock wave has appeared in front of the body and 
more space is occupied by supersonic than subsonic 
flow. To appreciate the origin of this wave it is 
necessary to examine the subsidiary diagrams on 
the right-hand side of Fig. 2, which give a dimin- 
ished view of the bodies on the left with a much 
greater view of the surrounding medium. 


The presence of the moving body creates a 
disturbance in the flow. It may be imagined that 
the velocity is increasing in a series of jerks, each 
jerk causing a pressure wave to be propagated 
outwards at the speed of sound. If the Mach 
number is fairly high, say -8 as in case A, the body 
is getting very near to overtaking the pressure 
waves it has sent out, but the air molecules in front 
will still have sufficient warning to move out of the 
way before it arrives. It is a different story for the 
molecules in the path, however, once Mach 1:0 
has been passed. They now have no time to get 
out of the way and suffer a sharp instantaneous 
turn, and the pressure rise is not gradual but sudden. 


There is in fact a shock wave which, if the nose is 
sharp, springs from the leading edge. The shock 
can be imagined as the grand total of all the 
pressure waves from the body piling up into one 
single envelope. 


Finally, diagram D corresponds to the flow being 
wholly supersonic, and as can be seen from the 
right-hand diagram, there is a simple relationship 
between the angle of the shock and the Mach 

l 
number, i.e., sin x = WW’ provided the disturbance is 
not too great. The steepness of a wave front is 
always an indication of the Mach number. 


It will therefore be seen that in this transonic 
section, vast changes are likely to take place in the 
forces acting on the body, because (1) there is a 
sudden pressure rise across the shock, (2) the 
shocks themselves represent irrecoverable loss of 
mechanical energy, and (3) the shocks can cause 
partial or complete separation of the flow from the 
surface, because the sluggish boundary layers 
cannot withstand the sudden pressure rise. This 
may result in what is called ‘ shock stalling * which 
has serious consequences on the wing performance. 

The foregoing, in fact, represents passing 
through the ‘sound barrier’, and the array of 
shock waves which the present-day aircraft has to 
drag along is illustrated by Fig. 3. This is a com- 
posite picture depicting the likely shock formation 
onthe ‘ English Electric’ P-IA fighter, and obviously 
it is flying at just above Mach 1-0. Ona laboratory 
scale, these shock waves can be shown up by 
simple optical techniques. Briefly, a beam of light 
is passed across the model in a wind tunnel. The 
sharp density gradient through the shock results in 
the light rays in this region being bent, and thus a 
shadow of the shock wave can be shown on the 
screen. 


Properties of Shock Waves 


The calculations involved in determining the 
flow conditions upstream and downstream of a 
shock wave which is normal to the flow are quite 
straightforward, and were in fact first produced by 
Rankine in 1870. With the criterion that the 
velocity upstream of the shock must be supersonic, 
the conservation laws of mass and energy, together 
with the momentum equation, are sufficient to 
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derive the variation of the three unknowns p, ¢ 
and wu. The relationships are found to depend upon 
functions of Mach number and the adiabatic 
index y. Thus the pressure rise \ p in terms of p, 
is simply 

Ap 2y 


= . (M? — 1), 
Pi 


showing that when M is little greater than 1-0 the 
pressure rise is very small, and that the weak shock 
wave is really just a sound wave. To obtain this, 
the disturbances to the flow must be very slight, 


Ap 
and the parameter a therefore is a measure of the 


1 
strength of the shock. 


The other important point to note about a shock 
wave is that it involves a dissipation of mechanical 
energy to heat energy. The process is thus irre- 
versible and results in an increase in entropy. 
Further proof is here also that there is no such 
phenomenon as a shock wave in an expanding 
flow, since this would call for a decrease of entropy 
which is impossible. Of the compression and 
rarefaction waves that make up a large amplitude 


pressure wave, only the compressions tend to 
steepen into a more intense wave ; the rarefaction 
waves diverge. 


The foregoing remarks have all applied to a 
shock wave which is normal to the flow and where 
the velocity after the shock must be reduced to 
subsonic. However, oblique shock waves are 
more common and less intense, and since the 
velocity after an oblique wave may still be super- 
sonic, it is possible for the flow to pass through a 
series of such waves. All that is required to extend 
the previous relationships, however, is to introduce 
the necessary angles and to note that velocities 
normal to the shock are treated exactly as before, 
while tangential to the shock the velocity component 
remains unchanged. It is therefore just a question 
of inlet and outlet velocity triangles. An example 
is shown in Fig. 4A from which it will be observed 
that there must be a sharp deflection of the stream- 
lines away from the normal. A corresponding 
opening-out of the flow as in Fig. 4B would be 
achieved through a fan of expansion or rarefaction 
waves. 


Although the solution of the shock wave relation- 


Fig. 3.—Probable 
shock wave form- 
ation associated 
with an * English 
Electric P-IA 
fighter aircraft 
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SHOCK ANGLE 


A. OBLIQUE SHOCK WAVE, U,< U, 
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B. EXPANSION WAVES U,> U, 


Fig. 4.—Supersonic flow at concave and convex corners 


ships is in general straightforward, their formation 
and characteristics in practice are usually not so. 
They can be curved or bifurcated, intersect, and be 
reflected from solid or fluid boundaries. In 
particular their interaction with the boundary 
layers adhering to the solid walls is little understood. 
This is a regime where viscous or Reynolds number 
effects can be important at high Mach numbers. 


Supersonic Flow 

In this section it is taken that all velocities 
throughout the whole field are supersonic, and it is 
an interesting fact that once this is established, the 
interpretation of the flow becomes much simpler, 
and analytical treatment can go much further. The 
position and inclination of the shock waves, which 
in transonic flows are often unpredictable, become 
more rigidly fixed. Further, since no disturbance 


DEFLECTION 
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can be propagated upstream, the velocities 
and pressures are in many cases uniquely 
defined, and a knowledge of the flow con- 
ditions at one position or plane often enables 
the whole field to be calculated. 

This is particularly so when trying to 
establish a supersonic field of flow without 
shock waves. Here there is an important 
graphical method of solving two-dimensional 
supersonic internal flows, which makes use 
of the fact that the slope of the boundary 
is a direct measure of the Mach number 
change it is wished to make. It consists of 
dividing up the curved surfaces into a num- 
ber of short chords, and using the corners so 
obtained as generators of weak expansion or 
compression waves which lie at certain definite 
angles to the streamlines, dependent upon 
the Mach number. It is then possible, using 
the geometric boundary conditions, to con- 
struct a step-by-step network from which the 
pressures and Mach numbers can be obtained. 

This method of characteristics, as it is 
called, is used for the accurate design of 
nozzles and supersonic wind-tunnels, and 
may well be found feasible for use in curved 
blade passages where shock-free supersonic 
flow is required. 

Altogether, when well into the supersonic 
regime, many accepted ideas based on low 
speed flow have to be discarded, and in par- 
ticular the type of flow is much dictated by the 
boundaries. Thus, flow areas must be increased in 
order to accelerate; a convex corner is turned by 
accelerating, and there is no separation ; turning a 
concave corner, unless it is very slight indeed, 
immediately produces a shock wave. The influence 
on aircraft or missiles will be examined in more 
detail in Part II of this article, but it may be 
mentioned here that the resistance to flow is almost 
entirely due to the losses in the shocks themselves, 
often known as wave drag ; streamlining becomes 
unimportant, as does aspect ratio, camber on wings 
is not required and incidence effects on lift are quite 
different. 


A few of the essential differences between 
subsonic and supersonic flow are summarised by 
the series of simple diagrams in Fig. 5. 
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Fig. 5.—Series of simple diagrams showing essential differences between subsonic and supersonic flows 


As the upper limit to the supersonic regime for 
aircraft we are confronted with the thermal barrier, 
which is much easier to understand than the sound 
barrier. The temperature rise in bringing a fluid 
at velocity V to rest is simply the change from 

v2 
2gJC, 
where J is the mechanical equivalent of heat, and 
C,, the specific heat at constant pressure, and for 
air if V is in miles per hour, then AT is simply 


kinetic to heat energy involved, i.e., AT = 


V 2 
(a) °C. This is of course over-simplifying 


matters since, although the air is certainly brought 
to rest at the surface, heat transfer to the inside, 
and through the boundary layers themselves, will 
complicate the issue. 


However, under sea-level conditions, aluminium 
melts at a Mach number of 2:5 and steel at a Mach 


number of 4:5, so new materials and methods of 
cooling and insulation will be called for, although 
at greater altitude of course these limiting Mach 
numbers will increase. 


Hypersonic Flow 

When Mach numbers of 5 and upwards are 
reached, the realm of hypersonic flow is entered 
and practical interest is limited to missiles, rockets 
and like bodies, probably at very high altitudes, 
where there are many aspects in common with the 
study of rarefied gases, independent of velocity. 


The simple supersonic patterns for bodies 
explained earlier continue to be effective at still 
higher Mach numbers, the nose and tail shock 
waves getting flatter and much stronger. At high 
altitudes however, the air gets thinner, and the 
average distance between air molecules in collision 
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(known as the mean free path) greater. At 70 
miles altitude the mean free path is about | foot 
and therefore appreciable compared to the size of 
the body, whilst at 110 miles it has increased to 
one mile. Thus the boundary layer under these 
conditions bears no resemblance to that in any 
of the earlier sections, since the body meets the air 
molecules one at a time. There is no thin layer of 
gas clinging to the body but just a bouncing effect 
as successive molecules are encountered. In fact, 
this is reminiscent by analogy of the other end of 
the scale, the atom, where a body can also move 
in free space with little chance of striking an 
electron or nucleus. 


Contrary to the conditions at lower speeds, there is 
now no such thing as an optimum shape ; it might 
just as well be spherical, which is the best shape 
from other aspects. Since the resistance to flow is 
proportional to fluid density, at high altitudes it 
becomes negligible and the drag coefficient, 
although rather greater, is of no account. If far 
enough away in fact, the body is capable of moving 
round the earth with little or no propulsive force, 
i.e., it becomes a satellite. 


This article will be concluded by part II, to be 
published in the March 1957 issue of this journal, 
Volume 15, Number 1, in which some practical 
applications of high speed flow will be examined. 
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RECENT * ENGLISH ELECTRIC’ TECHNICAL PAPERS 


1.E.E. Convention 

Papers by personnel of the Nelson Research 
Laboratories at the I.E.E. Convention on Digital- 
Computer Techniques, London, 9th-14th April, 
1956, 


Wortny, W. D., M.A., A.M.LE.E. The use of 


interpretation routines on a general-purpose digital 
computer for the design of linear and non-linear 
control systems, 


The behaviour of a servo-mechanism may be 
described by a set of first-order simultaneous 
differential equations. Programmes for solving 
these equations have been prepared for the DEUCE 
computer which is a convenient and _ versatile 
instrument for the study of control systems. 
Problems can be prepared quickly for solution, 
and the machine provides unlimited facilities for 
representing non-linear elements. 


The equations are solved by a step-by-step 
method which is described in the paper. Each 
coefficient in the set of equations may be described 
by a code word which specifies both its magnitude 
and location. An interpretation routine examines 
these code words in turn and evaluates the deriva- 
tives required in the integration formula. 


The solution for any variable may be punched 
out or displayed on a cathode-ray tube, and 
parameters are easily varied when searching for an 
optimum design. By adding suitable sub-routines 
the general programme is adapted to handle non- 
linear systems. 

The paper describes ways in which the problems 
can be solved on both digital and analogue differ- 
ential analysers. The analogue computer is useful 
for preliminary study when assumptions are usually 
made to produce a simplified linear system. The 
digital computer is most useful when refinements 
must be introduced and a more accurate result 
obtained. 


A simple worked example is used to illustrate 
the principles without assuming previous experience 
of either numerical analysis or computing machines. 
Gitmour, A., M.A. The application of digital 
computers to eiectric traction problems. 


The paper contains a detailed description of the 
construction and method of operation of pro- 
grammes which have been prepared for carrying 
out traction performance calculations on the 
‘English Electric” These calculations 
involve the solution of the equations of motion of 
the train, given the speed/power characteristics of 
the locomotive, the resistance to motion of the 
train, the position of stations and speed restrictions 
and the topography of the route. For electric 
traction it is usually necessary to calculate energy 
consumption and R.M.S. current in order to obtain 
a measure of motor heating. 


These calculations are extremely laborious when 
performed by hand, a typical calculation for 200 
miles of track taking about 40 man-hours ; by 
using the DEUCE this time has been reduced to 
between ten and twenty minutes. 


Performance calculations are probably the most 
profitable application of digital computers to 
electric traction problems, as they relieve the 
traction engineer of the necessity for carrying out 
tedious hand calculations. The high speed of 
calculation of the computer also enables him to 
investigate aspects of the problem which have not 
been examined before because of the labour of 
computation. However, there are many other 
traction problems in which a digital computer 
should prove extremely useful, and some of these 
applications are mentioned in the paper. They 
include the calculation of sub-station loading 
curves, fuel economy studies, the design of overhead 
structures and bridges, and the study or rectifier 
harmonics. 


Denison, S. J. M., B.A., and Taytor, D. G., 
B.Sc.(Eng.). The use of digital computers in ob- 
taining solutions to electric circuit problems involving 
switching operations. 


The analysis of electric circuits by matrix 
methods is well established as a means for obtaining 
differential equations relating the electric quantities 
to the impedance properties. A procedure is 
derived for expressing circuit equations as simul- 
taneous first-order differential equations, and 
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reference is made to a DEUCE programme by which 
equations of this type are solved using a step-by- 
step method. 

Ideal rectifying elements are regarded as switches 
whose opening and closing are either partly or 
entirely dependent on currents and voltages ; the 
difficulties introduced by their presence in a network 
are discussed in general terms. Two special 
programmes are described which were made for 
the pEucE. They deal with problems associated 
with 3-phase and bi-phase power-rectifier installa- 
tions, respectively. An example is given of the 
calculation of the input and output currents of a 
bi-phase rectifier operating under steady-state 
conditions. 

The need is discussed for a general programme 
incorporating certain non-linear features and 
capable of dealing with rectifier circuits for which 
there are less than a certain number of equations. 
A scheme for a general programme is described 
and the range of possible applications is discussed. 
Rosinson, C., M.Sc., and Tompsett, D. H., 
B.Sc.(Eng.), A.M.I.E.E., A.M.Amer.I1.E.E. The 
use of digital computers on power system engineering 
problems. 

The paper is addressed primarily to power 
system engineers who are interested in possible 
applications to their work of high-speed digital 
computers. For many problems, existing compu- 
tational methods are prohibitive in time, while 
other problems may demand gross approximations 
to achieve even a crude answer in a reasonable 
time, 

Three distinct types of problem are covered in 
the main text : economic load dispatching, load- 
curve analysis and three-phase circuit calculations. 
Some further problems are discussed in a section 
at the end of the paper. In all cases some compu- 
tational difficulties and existing methods of solution 
are mentioned, the solution by means of the DEUCE 
is outlined and some practical limitations to the 
theoretical approach are considered. 


The three main types of problem dealt with are 
drawn respectively from the fields of interconnected 
system operation, power distribution, and general 
system analysis. The corresponding mathematical 
operations required reduce to the determination of 
the latent roots and vectors of a matrix, inversion 


and other manipulation of matrices, and the 
solution of linear equations. Digital computers 
are particularly suitable for operations of this kind 
which are of frequent occurrence in many fields of 
science and engineering. Interpretive routines have 
been prepared for the DEUCE so that programmes 
for long sequences of matrix manipulations can be 
assembled in a few minutes. 

Hatey, A. C. D., M.A., A.M.L.E.E. 
high-speed general-purpose computer. 


DEUCE : 


DEUCE is a high-speed general-purpose binary 
digital computer, operating throughout in the 
serial mode at a digit frequency of | Mc/s, and 
using mercury delay lines as its primary storage 
system. It is a development from the Pilot Model 
Ace, which was developed by the National Physical 
Laboratory and has had an outstandingly successful 
career since it was commissioned in 1952. Many 
features of DEUCE are common to this earlier 
machine, but a number of operational improve- 
ments have been made, together with additional 
features to facilitate maintenance and also to 
reduce the problems of testing new programmes. 


Input to and output from the computer are by 
means of high-speed punched-card machines, and 
a large-capacity (8,192 words) magnetic-drum store 
augments the main mercury-delay-line storage 
system. 

The internal organization of the machine is 
discussed, followed by a more detailed account of 
some of the novel features incorporated. Other 
sections describe briefly the construction of the 
machine and refer to typical applications. 


Fifth World Power Conference 


BRAIKEVITCH, M., A.C.G.I., D.LC., Chief Hy- 
draulic Engineer. Some British developments in 
large plant for hydro-electric power generation. 
Fifth World Power Conference, Vienna, |7th-23rd 
June, 1956, Section H, Paper 224H/37. (This 
summary is published by permission of the British 
National Committee). 


The paper is primarily concerned with develop- 
ments by The English Electric Company. It 
describes the extension of the research facilities for 
testing water turbine models, and the principal 
lines of research are enumerated. Some plant in 
course of manufacture and erection is described. 
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Turbine runners with movable vanes for high 
heads were studied, starting with the Kaplan type 
and developing into the ‘* Deriaz’ Feathering 
Francis turbine which was applied to the problem 
of reverse pumping and is being used for a station 
at Niagara in Canada. Pump-turbines for high 
heads are being investigated, and the high-head 
reaction turbine received much attention. 
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The turbines for Bersimis in Canada, and Snowy 
Mountains T.I. in Australia are described, together 
with their Straightflow inlet valves, and also the 
fixed-vane propeller turbines under construction 
for St. Lawrence in Canada. The wide use of 
fabrication by electric welding is emphasised. 
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ALLIED AND ASSOCIATED COMPANIES 
English Electric Export and Trading Company Ltd 
English Electric Valve Company Ltd 


D. Napier & Son Ltd 


Marconi’s Wireless Telegraph Company Ltd 


and its Subsidiaries 


The Marconi International Marine Communication Company Ltd 
and its Subsidiaries 


The Vulcan Foundry Ltd 


Robert Stephenson & Hawthorns Ltd 


Canadian Marconi Company 
John Inglis Co. Limited, Toronto 


English Electric Company of Canada Ltd 


The English Electric Company of South Africa (Proprietary) Ltd 


English Electric de Venezuela, C. A. 


The Power and Traction Finance Company Ltd 
Associated British Manufacturers (Egypt) Ltd 
The English Electric Co. (Central Africa), (Private) Ltd 


PRODUCTS OF THE ENGLISH ELECTRIC COMPANY LIMITED 
Generating Plant—Steam, Hydraulic, Gas Turbine or Diesel. Transformers, Rectifiers and 
Switchgear. Industrial Electrification. Electric and Diesel-electric Traction. Marine 


Propulsion and Auxiliaries. Aircraft. Aircraft Electrical Equipment. Industrial 


Electronic Equipment. Instruments. Domestic Electrical Appliances. Television Receivers. 


\c- 
é 
> 
we 


